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IDENTIFICATION OF TOROIDAL FIELD ERRORS
IN A MODIFIED BETATRON ACCELERATOR
I. INTRODUCTION

'i‘he NRL modified betatron is a compact (1 m major radius) cyclic device that has achieved
energies in excess of 20 MeV, while the trapped current is in excess of 1 kA. This device
has been described in previous papers. !~* During the beam acceleration phase three
independently controlled magnetic fields are externally applied to the beam. A vertical
magnetic field rises sinusoidally in time from 0 G to typically 1200 G peak amplitude in
2.6 ms. The vertical field serves to inductively accelerate the beam and confine its orbit
about the major axis. A toroidal magnetic field, By, is also applied which sinusoidally rises
to a typical peak amplitude of 5 kG in 2.28 ms. This toroidal field is needed to confine
the minor radius of the high current beam. A strong focusing magnetic field was also
found necessary to trap the beam and help with stability during acceleration. 2 This field
is produced by stellerator windings which are four twisted windings that carry current in
opposite directions. The windings which are located 23.4 cm from the minor axis can carry

a peak current of 32 kA.

The beam lifetime in the NRL modified betatron is limited by the cyclotron reso-
nances. The theory describing these resonances has been previously developed. 5 In
simple terms, whenever the number of poloidal revolutions about the toroidal fieid for
each orbit about the major axis is an integer a stationary field error can excite a reso-
nance. With considerable effort several field errors have been detected and reduced in the
experiment.® An increase in the obtainable beam energy from 12 MeV to 18 MeV has

resulted from this effort.

This paper reports efforts to measure some of the remaining field errors, particularly
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those which are associated with the applied toroidal magnetic field. The toroidal field
is generated by twelve discrete rectangular coils. Four legs form this rectangle which is
located on a plane of constant toroidal angle, 8. Each toroidal field coil leg is constructed
from a square cross section aluminum tube with an outside dimension of 10.2 cm and a
wall thickness of 1.3 cm. A schematic of the toroidal field coils and the associated field,
Bg, is shown in Fig. 1. This figure also illustrates one type of field error associated
with the toroidal field, namely a ripple with a 30° toroidal period which is due to the
discreteness of the coils. The radial componeni of this ripple is measured with a probe
that has toroidally curved windings facing the radial direction. The coil is counterwound to
reinforce the probe output signal produced by the oscillating B,. A probe which has eleven
such coils to measure B, as a function of the major radius, r, is described in detail in part
II. Techniques used in making these measurements are described. Experimental results are
presented in part III and are compared with numerical computations. In addition to the
field error just mentioned another source of field error has been discovered by this probe.
This will be discussed in detail later, but briefly it arises from gaps in the vertical field coil
loops. At these gaps a transition is made to a coaxial geometry in order to feed current to

the vertical field coils. The effect these field errors may have on beam stability is discussed.

II. APPROACH TO MEASUREMENT OF TOROIDAL FIELD ERRORS

A. Design of the probe

The design goal of the toroidal field error probe was the capability of measuring a
radial magnetic field of less than 1 G in a background toroidal field of 1000 G. In addition,

the probe should provide the radial profile of toroidal field errors in one shot to speed up
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data collection and ease concerns about reproducibility. The primary time span of interest

was the first 2500 us after the initiation of the toroidal field.

Each of the eleven probe channels which measure B, at a particular major radius,
r, consists of a pair of coils. The loop area of each coil senses the time derivitive of the
radial field, dB, /dt, integrated over the area of the coil. A high density polyethylene spool
serves as a coil form. Each of the 22 required coil forms has a rectangular cross sectional
area with vertical and toroidal dimensions at the coil groove bottom of 1.52 cm and 21.11
cm, respectively. The groove in each coil form is 0.32 ¢m wide, 0.38 cm deep on the top
and bottom, and 0.64 cm deep on the ends. A coil form is wound with six layers of 25
AWG copper magnet wire which has been measured to be 0.051 cm diameter with the
insulation included. Each layer is six turns wide and has a light coating of a fast drying
polystyrene resin which held the individual turns together during the winding process.
The total number of turns for each coils is therefore N=36. Great care was taken to insure
that for every layer each turn has been laid flat next to the preceeding turn. No wires were
allowed to cross over one another. After winding the coil any remaining space was filled

with RTV615 silicone rubber potting compound.

The 22 coils were individually calibrated to determine their response to a known
magnetic field which is uniform over the coil area. The passively integrated signal output
from a single coil is given by V=NAB, /RC for t<<RC. Here A is the effective cross
sectional area of the coil, B, is the applied field, and RC =1.87 ms is the measured
integrator time constant for the calibration. The calibration field was produced by a 45

turn pair of 61.6 cm diameter coils, spaced 32.0 cm apart (center to center), arranged in
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a solenoidal configuration. Calculations with the EFFI? computer program indicate that
the axial field was 1.28 G per ampere drive current at the center of the effective solenoid
and drooped off about 1% at the ends of the coil form. The calibration drive current,
produced by a capacitive discharge into an overdamped L-R-C circuit, was monitored
with a Pearson current monitor simultaneously with the passively integrated probe coil
response. Measurements were taken 60 us after the initiation of the recorded waveforms.
A typical drive current was 3.6A. The result of this calibration procedure is a known value
of NA for each coil which ranges from 0.142 m? to 0.148 m?, which has a 4.1% spread.

Self inductance for a probe coil was measured to be 570 uH.

Following calibration, the coils were inserted into matching machined grooves of a
phenolic coil mount. The eleven pairs of coil grooves, shown in Figs. 2 (a-b), are machined
to a radius of curvature equal to the major radius at which the coils were positioned when
the probe was mounted on the modified betatron. Each pair of coil grooves with the same
radius of curvature is separated by a narrow partition (0.14° arc length) on the toroidal
symmetry plane of the coil mount which has a 30° arc length. Coils on the connector panel
side are wound in the opposite direction of coils on the other side of the toroidal symmetry
plane. When the probe’s toroidal symmetry plane is aligned with a toroidal field coil, as in
Fig. 1, and for the case where no field errors other than the toroidal field coil discreteness
is present then the signals picked up by each half of the probe reinforce. The expected
output signal polarity of the probe is negative for the direction of B, shown in Fig. 1.
Because of the toroidal symmetry, moving the probe 15° to align the toroidal symmetry
plane between two toroidal field coils would result in a positive polarity signal with the

same amplitude. The eleven coil pairs are mounted 1.5 cm apart on center starting with
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r = 90.0 cm (channel 1) and ending with r=105.0 cm (channel 11) and during operation

are centered on the midplane of the modified betatron.

In order to measure B, in the presence of By > 1000 B, the net loop area facing the 8
direction must be substantially less than 2NA /1000 = 3 cm?. This was the motivation for
machining the coil grooves with a radius matching the modified betatron major radius. As
each coil was bent to be inserted into a groove, care was taken to avoid wire slippage which
might cause a By pickup. The windings appeared to follow the toroidal curvature well.
In making connections between coil pairs and from coils to connectors all stray loop areas

were minimized and any remaining loop area was oriented to face the radial direction.

Another advantage of counterwound coil pairs for each channel is that the probe
output is insensitive to small rotational errors about an axis perpendicular to the midplane.
Signal pickups on either side of the probe’s toroidal symmetry plane cancel to first order,
provided that each coil pair has the same NA. This is very nearly the case since coils with
the closest calibrated values of NA were paired opposite one another. The worst case is for
channel 10 for which the values of NA differ by approximately 1% of the combined area
of 0.293 m? for that channel. It should be noted that since the length of each coil is the
same they span different arc lengths depending or: the curvature radius, r., of the groove
in which it sits. Including a correction for the thickness of the windings, the effective coil
length is L = 21.5 cm. The arc length which a coil spans is given by A#=180 L /7 r. which

is 13.7° for channel 1 and 11.7° for channel 11.
B. Measurement technique

The probe was installed on the modified betatron in order to measure only radial
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components of magnetic fields. Looking downward, the toroidal coordinate of the probe
symmetry plane is measured counterclockwise from the electron beam injector which is
located midway between two toroidal field coils. The elevation of the probe was set to

align the vertical symmetrv plane of its coils with the midplane of the accelerator.

Signals from the eleven coils were run through electrically isolated coaxial cables into
a shielded room. These signals were terminated with 50 0 resistors, passively integrated,
and fed to individual input channels among three Lecroy 6810 digitizers. After each shot,
recorded waveforms were stored on a computer for later processing. The RC time constant
of each of eleven integrators was measured and found to range from 18.8 ms to 20.4
ms. An integratcr was permanently assigned to each probe channel. Frem the equation
V=NA< B, >/RC, where < B, > is the radial field averaged over the length of a coil
pair, and from the calibrated values of NA the signal response of each probe channel was
determined. The values of < B, >/V ranged from 0.66 G/mV to 0.70 G/mV. Vertical
resolution of the digitizer is 0.1 mV on the most sensitive setting which corresponds to 0.07
G. Processing the waveforms consisted of numerically filtering out high frequency noise,
subtracting any baseline offset and vertical scaling to yield values of < B, > as a function

of time.

As was previously mentioned, radial positioning of the probe is important so that the
curvature of the pickup coils matches the curvature of the toroidal field lines. This wus
determined experimentally by measuring with a scale the distance from the outer edge of
the probe to the machined cylindrical surface of a spline which is permanently stationed

on the center of the modified betatron. Combined uncertainties in this measurement are
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estimated to be & 0.1 cm. The stray By pickup from a radial displacement error, d, can
be estimated. Let 8. be the arc length spanned by a coil with radius of curvature r. and
height h. The coil area facing the toroidal direction due to this radial displacement for a

given channel is

Ag =2Nh|d+r.(1 - \/1 + (’_ii-)2 + 2;d—c030¢)]. (1)

A factor of two appears just to the right of the equal sign because the signal picked
up by the two coils of a given channel add together. For small positioning errors d<<r,

and Eq. 1 reduces to

Ag = 2Nhd(1 — cosb.).

A good estimate of the coil height, including a correction for the coil winding thickness
is h=1.9 cm. The error is worst for the innermost coil pair for which 8.=13.7°. In this
case, with d=0.1 cm, the coil area facing the toroidal direction is Ay = 0.39 cm?. The
stray pickup appears as an erroneous field. The ratio of this erroneous field to By is By,

err/Be= Ag/2NA = 1.3 x10~* which is reasonably small.

Vertical positioning of the probe on the midplane was determined with a survey transit
to = 0.05 cm. Experience with the probe has demonstrated that small displacements such
as this are negligable. The toroidal positioning was done with respect to the center of
the toroidal field coils. This measurement was made with a precision of + 0.15 cm and
variations in position of this magnitude appeared to have a negligable effect on the probe’s
output. The toroidal position of the inner toroidal coil vertical legs is fixed to a high
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accuracy by the machined spline at the betatron’s center. However, the outer vertical legs
had a positional uncertainty of £1.5 cm. It turns out this has a significant effect on B,

which will be discussed in subsequient sections.

Care was taken to avoid rotation of the probe around an axis perpendicular to the
midplane within a tolerance of + 0.1 cm. Analysis and experiments show that there is no

significant stray pickup for rotational errors of this magnitude.
III. RESULTS
A. Errors due to toroidal fiela discreteness

As stated in the introduction and is illustrated in Fig. 1, the discreteness of the
toroidal field coils produces a radial field component. This induces a ripple in the toroidal
field lines with a 30° period in 6. Figure 3 shows the toroidal field at r=100 cm, measured
with a calibrated field coil. It should be noted that this is roughly one half of the actual

operating field in order to reduce physical demands on the driving circuit.

In Fig. 4 waveforms are presented showing < B, > with the probe centered at §=330°
(between two toroidal field coils). Because of the 30° periodicity of these coils this situation
is similar to that of Fig. 1 with the probe centered about one coil except for a change
of sign in the measured signal. These waveforms have the same shape as the applied By
waveform. At r=90.0 cm the signal has a positive polarity which means, from the known
winding direction of the ccils, that the toroidal field lines are bulging inward toward the
major axis. In other words, at the upstream side of the probe (that side with the smaller
toroidal angular position) B, < 0 and at the downstream side B, > 0. Except for a smali

stray pickup associated with each coil, the trend of the waveforms indicates that < B, >
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changes polarity and then continues monotonically increasing with radial distance. We
refer to the radius at which B, = 0 as the “toroidal field axis”. It can be seen that the

toroidal field axis is substantially inward from the minor axis of the device.

The solid circles in Fig. 5 show the radial field at t = 2280 us (measured from the
initiation of the waveform) as a function of r. Data are from the waveforms of Fig. 4. The
values have all heen divided by 2.27 kG, which is the measured value of By at t=2280 us and
r=100.0 cm. In addition, each of the measured radial field amplitudes have been multiplied
by a scaling factor ranging from 0.924 for r=90.0 cm to 0.862 for r=105.0 cm. This scaling
operation yields < B, >3¢ which is the radial field averaged over a 30° toroidal sector
rather than the radial field averaged over a counterwound coil pair. The scaling assumes
that the toroidal dependence of B, is sinusoidal with a period of 30°. Calculations have
shown this assumption to be valid to a high degree of accuracy. In Fig. 5 (a) the solid
curve represents the calculated value of the same field. The calculations were done using a
computer program which solves the Biot-Savart law for coils composed of single filaments.
Four filaments are connected to form a rectangular toroidal field coil loop. Two horizontal
filaments lie 69.7 ¢cm above and helow the midplane. These are joined by two filaments at
r=45.7 cm and at r=169.9 cm. All four filaments lie on a plane of constant §. Two such
filament loops with the same current are on either side of the probe, one at § = 315° and
the other at § = 345°. Physically, chese filament loops lie on the center of the inner surface
of the actual toroidal field coils. We presently have no way of measuring the actual current
distribution in the toroidal coils cross section. However, current flowing preferentially on
the inner surface minimizes the circuit inductance so it is physically reasonable to assume
that this is approximately the case. The caption “8 offset = 0.00 cm”™ refers to both
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toroidal current loops being perfectly alligned 30° apart. Experimental data indicates the
toroidal field axis is near r=92 + 2 cm and that < B, >30 /By is approximately -0.15%
at the minor axis. Calculations show the toroidal field axis to be at r=86.5 cm and that
< B, >30/Bg¢ =0.205 % at the minor axis. The fit of the calculated values of < B, >3 to
the data is substantially improved if the outer vertical leg of one of the toroidal filament
loops, at r=169.9 cm, is moved closer to the other by 0.50 cm. This case is shown in
Fig. 5(b). The same data plotted in Fig. 5(a) are plotted in Fig. 5(b) for convenience in
making comparisons. In this case, calculations indicate that the location of the toroidal
field axis is at r=89.5 cm, while the value of < B, >39/B¢ at the minor axis is -0.165%
for a -0.50 cm 8 offset. Following these calculations, a careful survey was made of the
toroidal field coils. The outer legs of the coils at § = 315° and 6 = 345° were found to
be toroidally displaced 0.5 cm and 1.0 ¢cm, respectively. Consequently, the gap spacing for
these toroidal field coils is 0.5 + 0.2 cm too small. Computer calculations indicate that
the toroidal field distribution , B,(8), is sensitive to which of the two outer coil legs is
displaced. However, the average field, < B, >30, only depends on the gap spacing of the
outer coil legs. Therefore, the radial field measured by the probe appears accurate within
the tolerance of the measured toroidal field coil. In making this survey in was found that,
for some of the coils, the separation between adjacent vertical legs exceeded the proper
distance by as much as 1.5 cm. Further calculations show this results in an inward shift of
the toroidal field axis to r=81 cm and at the minor axis < Br >30 /Bg becomes -0.33%.
Preliminary computer simulations indicate that the detrimental effect of this misalignment

on beam stability is quite significant.

B. Errors dne to feeds of the vertical field coils
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During the measurements another field error source was unexpectedly encountered.
This source arises from gaps in the vertical field coil loops which are necessitated by coaxial
current feeds to these coils. Except for the gaps the vertical field coils are geometrically
circular loops which are coaxial with the major axis and lie in a plane parallel to the
midplane of the device. They are situated in pairs at equal distance above and below the
midplane. The conductor is a hollow aluminum tube with a square cross section measuring
7.6 cm on a side and having a 0.63 cm wall thickness. Even though the vertical field coils
are not energized the applied By induces a toroidal field inside the vertical field coils which
opposes the applied field. For times much less than the magnetic field diffusion time, the
induced toroidal field is comparable in magnitude with the applied By. In the presence
of a gap the induced field lines will diverge, producing a negative B, component on the
upstream side of the gap and a positive B, component on the downstream side for positions

radially outside of the gap. This situation is illustrated schematically in Fig. 6.

Due to its proximity to the region of interest, it is expected that the gap of the vertical
field coil pair nearest the midplane, labelled VF+ 1, would produce one of the largest field
errors of this type. The radial and vertical positions (measured from the midplane) for
VF=+1 are r=70.75 cm and z=% 7.5 cm. Since the toroidal position of the center of the gaps
for the VF % 1 coils is at § = 60 °, midway between two toroidal field coils, the induced B,
components are in the opposite direction to the B, components that are due to the toroidal
field coil discreteness. This field error was measured with the probe centered at § = 60°.
The results, plotted in Fig. 7, show the total radial field, averaged over the length of a
coil pair, as a function of major radius for three times following initiation of the pulse. For

each of these three times the averaged radial field has been divided by the applied toroidal
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field at that time given in Fig. 3. At r=90 cm, the field error is < B, > /Bs =~ 0.8 %. This
is much larger than the measured field error caused by the coil discreteness. The rapid
decline of < B, > /By with increasing r is qualitatively consistant with a localized dipole
field error at the VF + 1 coil gap. Because < B, > /Bg > 0 the induced B, component
dominates the B, component of the applied toroidal field ripple. Locally, this results in a
net inward bulge to the total toroidal field lines and a toroidal field axis which is driven
outward to r=105 cm. Figure 7 also shows that < B, > /By is practically independent
of time for t< 2.28 ms. This implies that the characteristic magnetic diffusion time for
this geometry are much longer than 2.28 ms. A rough calculation of the diffusion time
into the VF + 1 coil, using 7 = -‘-‘-"—2'—;"3, yeilds 7 ~ 6 ms.® In the above equation g, is
the permeability of free space, r.q is the equivalent radius of a circle having the same area
as the vertical field coil cross section, A = 0.63 cm is the coil wall thickness, and p=2.65
x 10 ~6Q — e¢m is the elctrical resistivity of aluminum. This diffusion time is not very
much larger than 2.28 ms. At this time, we do not fully understand why < B, > /By
is independent of time. It may be due to the construction of the coil connection which
is solid aluminum except for the part at the transition to the coaxial feed. A complete

quantitative understanding would require three dimensional, time dependent simulations

which we have not done at this time.

To further investigate this field error the probe was centered at § = 330° again, where
the data of Figs. 4 and 5 were taken. The coaxial feed (risers) and coil connection were
removed from the VF £ 1 coils and the gaps were rotated to be centered at § =330°.
Results from these measurements are plotted in Fig. 8. Notice that in this case the

field error decreases significantly with time, dropping from 0.97% to 0.73% at r=90 cm.
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Magnetic flux can diffuse appreciably into the thin VF+ 1 coil walls in this time frame.
Since this type of local field error is expected to decrease rapidly with distance it is also
reasonable that the toroidal field axis, r=105 cm in this case, is the same as in Fig. 7. One
feature about the data in Fig. 8 is quite surprising. With the removal of the coaxial feed
and coil connection shown in Fig. 6, the gap width should be much larger than before.

Yet the increase in field error is only slight. This feature is not yet understood.

Field errors of this magnitude can create significant transverse forces on the beam. In
order to evaluate the effect of such a field error on beam dynamics the feeds for the VF +
1 coils have subsequently been rotated from 6=60° to 6 = 2705. Preliminary comparisons
of the toroidal distribution of beam loss before and after this change indicate a substantial
new beam loss peak near §=270°. It should be mentioned, however, that these toroidal

beam loss distributions are not yet fully understood and are being investigated.

IV. CONCLUSIONS

We have developed a magnetic field probe which has the ability of resolving time
dependent radial field components (errors) in an applied toroidal field which are as small
as 0.05% of the main field component. Experimental data compared well with computer
calculations for the case where no vertical field coil gaps are present. In this case, the
measured radial field error is approximately -0.15% and the calculated value is -0.165% at
the minor axis (r=104.5 cm). This field error is due the toroidal field coil discreteness. It
is increased in amplitude by -0.04% to -0.205% when the misaligned toroidal field coil is

moved by 0.5 cm, opening the gap between toroidal field coils, to the correct position.

With this probe a second source of field errors has been identified. This arises from
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the divergence of the induced flux at the gaps, where current is fed. For the gap in the VF
+ 1 coil pair the measured error is quite large and independent of time for the period of
interest. At r=90 cm the average radial field error is 0.8%. For the case when the coaxial
feed and coil connection are removed from the vertical field coil this error rises only slightly
to 0.97% at t=1000 us. At t=2280us this field error decreases to 0.73%. This field error

source exists at four other locations around the modified betatron.

Further experiments have begun in an attempt to assess the importance of these
field errors. Rotation of the VF+ 1 coil gaps from 8 = 60° to §=270° has resulted in a
considerable change in the toroidal distribution of beam loss with a new peak occuring

near 0 = 270°.
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TOP VIEW

Major Axis

\

SIDE VIEW

Fig. 1. Schematic of toroidal field coils and their associated magnetic field over two 30° sec-
tors. The radial component of this field, B,, due to the discreteness of these coils and

a probe to measure B, are also schematically illustrated.
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Coil Mount r=105 cm

Toroidal
r Symmetry Plane

Fig. 2. Construction of the probe developed to measure B,. (a) Cross section view of coil

mount which supports 11 wound coil forms and (b) top view of coil mount.
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Fig. 3. Applied toroidal field as a function of time at r=100.0 cm for field error measurements.
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Fig. 4. Radial field averaged over the length of each probe coil pair versus time for each of
the probe channels. The toroidal symmetry plane of the probe is at # = 330° and no

vertical field coil gaps are nearby.
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Fig. 5. Radial field averaged over a 30° toroidal arc length and normalized to By at r=100.0

cm, t=2280 us versus major radius. The toroidal symmetry plane of the probe is § =
330° and no vertical field coil gaps are nearby. Solid circles represent measured data
and the curve represents computed values from a pair of toroidal coil filaments. (a)
Computed values with toroidal coils perfectly positioned, and (b) with outer toroidal

coil legs spaced 0.5 cm too closely in the toroidal direction. Data are the same in (a)

and (b). 20
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